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EthyleneThe aim of this work was to assess the proﬁle of volatile compounds in ‘Royal Gala’ apples stored under
controlled atmosphere (CA), with O2 levels ranging from 1.0 kPa to as low as 0.5 kPa during 8 months
(0.5 C), followed by 7 days of shelf-life at 20 C. Volatile compounds were collected via solid-phase mic-
roextraction (HS-SPME) and analysed by gas chromatography. Straight and branched-chain esters exhib-
ited a distinct pattern. The emission of straight-chain esters decreased under extremely low O2 (0.5 kPa),
while branched-chain esters were not signiﬁcantly affected in such condition. 2-Methyl-butyl acetate, a
signiﬁcant contributor to the ‘Royal Gala’ aroma, was higher in intermediate O2 concentration, suggesting
that lowering the O2 levels down to 0.7 kPa does not negatively affect the volatile composition of ‘Royal
Gala’ apples, as compared to the standard CA (1.0 kPa O2). The remaining volatile compounds were not
strongly affected by storing fruits under extremely low O2.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Apples are one of the most produced and consumed fruits in the
world. In this production, Brazil occupied the 9th position with 1.3
million tonnes of apples produced per year (Agrianual., 2012; Fao.,
2011). In Brazil, apple production remains to two cultivars, ‘Gala’
and ‘Fuji’ and its respective strains. One of the most important
‘Gala’ strains is the ‘Royal Gala’ with almost 25% of total Brazilian
apple production (Agapomi., 2013).
The storage of apples in a controlled atmosphere (CA), is widely
used by fruit storage companies because of the beneﬁcial effect of
CA in maintaining fruit quality and reducing the incidence of phys-
iological disorders, both during and after storage. However, despite
the positive effect of CA on the postharvest quality of apples,
exposing these fruits to long-term storage under low O2, can have
a negative impact on the release of volatile compounds. In fact, CA-
stored apples produce signiﬁcantly less volatile compounds during
shelf-life than those stored under low temperature with natural air
(López et al., 2007; Plotto, Mc Daniel, & Mattheis, 1999). Thus,
although CA storage negatively affects fruit aroma, the fact that
it efﬁciently maintains other quality parameters after long-term
storage results in good acceptance of CA-stored fruits by consum-
ers (López et al., 2007).In Brazil, it is common practice to extend the apple storage un-
der CA up to 8 or 9 months (Brackmann et al., 2013; Weber, Brack-
mann, Anese, Both, & Pavanello, 2013). This long storage life is due
the fact that Brazil does not commonly import apples during the off
season. So, this long-term storage can impact the apple volatile
emission. Furthermore, it is becoming a common practice in pack-
ing houses to lower the partial pressures of O2 below those conven-
tionally used. In fact, O2 levels as low as 0.5 kPa or even lower are
nowadays commonly used. Lowering the partial pressure of O2 to
such levels has only been possible by concomitantly monitoring
the minimum O2 levels tolerated by fruits during the storage, as
for example under dynamic CA (DCA) storage (Gasser, Eppler,
Naunheim, Gabioud, & Hoehn, 2008; Prange, DeLong, Harrison,
Leyte, & McLean, 2003; Watkins, 2008; Wright, DeLong, Harrison,
Gunawardena, & Prange, 2010; Zanella et al., 2005). It is notewor-
thy, however, that in DCA, the O2 levels are kept at levels that do
not cause harm to fruits. In the case of apples, the storage under
DCA also reduces signiﬁcantly the synthesis of ethylene and, as a
consequence, maintains quality parameters such as pulp ﬁrmness
and peel colour, and reduces storage scald (Watkins, 2008).
Besides fruit respiration, also the presence of ethylene in an ac-
tive form can affect the emission of volatile compounds. The effect
of ethylene on the metabolism of fruits has been assessed by inhib-
iting biochemical steps of its synthesis, such as preventing the
activity of the 1-aminocyclopropane-1-carboxylic acid (ACC) syn-
thase by the application of aminoethoxyvinylglycine (AVG). It has
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apples had a similar effect as CA storage on the emission of vola-
tiles, albeit AVG-treated fruits were stored only under cold air
(Bangerth, Streif, Song, & Brackmann, 1998). Thus, the study of
Bangerth et al. (1998) suggests that low O2 levels are not the only
factor inhibiting the release of volatile compounds by fruits. In this
regard, it has been reported that whereas the application of
1-methylcyclopropene (1-MCP), a potent inhibitor of ethylene
action, signiﬁcantly delays ripening and senescence in apples
(Blankenship & Dole, 2003), it has the disadvantage of reducing
the production of volatiles (Fan, Mattheis, & Buchanan, 1998;
Kondo, Setha, Rudell, Buchanan, & Mattheis, 2005).
The aroma of apples results from a complex interaction be-
tween several organic compounds. Although esters are of major
importance, other compounds such as alcohols, aldehydes, ke-
tones, terpenes, among others, also signiﬁcantly contribute to the
characteristic aroma of apples (Mehinagic, Royer, Symoneaux,
Jourjon, & Prost, 2006). Moreover, the perception of aroma is
strongly inﬂuenced not only by the relative quantities, but also
by the interaction of the volatile compounds present in a speciﬁc
fruit (Aprea et al., 2012). In the case of cv. Royal Gala apples grown
in New Zealand, it has been found that the ester 2-methyl-butyl
acetate contributes strongly to the sensory properties of these
fruits (Young, Gilbert, Murray, & Ball, 1996). An increase in
2-methyl-butyl acetate is associated with a ‘‘sweet’’ aroma, a prop-
erty also inﬂuenced by the presence of hexyl acetate and butanol
(Young et al., 1996). According to Echeverría, Fuentes, Graell, Lara,
and López (2004), the storage of cv. Fuji apples under CA with
either 1.0 or 3.0 kPa O2 results in reduced concentrations of hexyl
acetate. Such results suggest that at least part of the negative effect
of CA on aroma may be related to a decrease in the accumulation of
this volatile compound. Thus, low partial pressures of O2 seem to
negatively affect the emission of volatile compounds. This effect
may either be directly associated with the low O2 levels or indi-
rectly because of the effect of low O2 on ethylene synthesis. How-
ever, up to date there are no reports indicating the consequence of
ultra-low O2 levels, as for example those commonly used in DCA
systems, on the composition of volatile compounds in apples
stored during long term.
Against this background, the main goal of the present work was
to assess the inﬂuence of ultra-low O2 during CA storage on the
emission or synthesis of volatile compounds in ‘Royal Gala’ apples.2. Material and methods
2.1. Fruit harvest and storage conditions
Apples (cv. Royal Gala) were harvested on the 19th February
2011 from a commercial orchard in Vacaria, RS, Brazil. At harvest,
fruits had an iodide-starch index of 6.25 (scale 1–10, where
1 = green and 10 = ripe), 0.39 ll C2H4 kg1 h1 of ethylene synthe-
sis, 5.89 ml CO2 kg1 h1 of respiration rate, 4.35 mEq 100 ml1 of
NaOH (0.1 N) for titratable acidity and 11.2 Brix of soluble solids.
Apples were stored in experimental CA chambers (230 l volume
each) placed inside a cold chamber, where the temperature was
maintained at 0.5 C (±0.1 C) throughout the whole experiment.
The levels of O2, CO2 and relative humidity in each of these cham-
bers were monitored and controlled daily.
Fruits were stored under four different O2 conditions (with
three replicates each): (1) 1.0 kPa O2; 0.8 kPa O2; 0.7 kPa O2 or
0.5 kPa O2. In the ﬁrst day of storage, the partial pressure of O2
was lowered down to 5.0 kPa by ﬂushing the storage chamber with
N2. From this day onwards, O2 was consumed by fruit respiration
and decreased to 1.5 kPa at the end of the ﬁrst week of storage.
Then, during one week, fruits were conditioned to low O2 levelsby gradually decreasing the partial pressure of O2 down to the level
stipulated for each treatment. The atmosphere composition of each
storage chamber was monitored daily with the help of a gas ana-
lyzer Ultramat 23 (Siemens, Germany). These conditions were then
maintained until the end of the experiment by injecting natural air
inside the store chambers, whenever the O2 levels dropped below
the desirable levels. The partial pressure of CO2 was maintained at
1.2 kPa, and the excess was removed by circulating the atmosphere
of the chamber through calcium hydroxide.2.2. Sample preparation
Apples were stored during 8 months under the conditions men-
tioned above. At the end of the storage period, fruits were kept at
20 C for seven days to simulate shelf-life. The production of vola-
tile compounds was assessed during the shelf-life. A transversal
slice from the equatorial part was removed from fruits previously
cooled down to 0 C (pulp temperature) and the endocarp and
seeds were discharged. The whole procedure was undertaken un-
der low temperature (approximately 5 C), to prevent the chemical
and enzymatic oxidation of samples. Then, samples were ground
and centrifuged and the juices were placed inside amber glass
ﬂasks and immediately frozen to 30 C.2.3. Analysis of volatile compounds
Samples were stored during three weeks and then thawed for
24 h in a refrigerator (5 C). An aliquot of 10 ml was taken, mixed
with 3 g NaCl and 10 ll of a 3-octanol standard solution
(82.2 lg ml1) and placed inside a 20 ml vial and sealed with
PTFE-coated silicone lid seals.
In order to extract volatile compounds from the headspace,
samples were subjected to solid phase microextraction (HS-SPME).
A Divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
ﬁbre (Supelco, 50/30 lm  20 mm) was preconditioned following
the manufacturer’s protocol. The vials containing the samples were
submerged in a water bath at 35 C for 5 min. Afterwards the ﬁbre
was exposed to the headspace of each sample for 60 min under
constant stirring.
The volatile compounds were quantiﬁed by a Varian Star
3400CX (CA, USA) gas chromatograph equipped with a ﬂame ioni-
sation detector (GC–FID). The ﬁbre was thermally desorbed into
the injection port at a temperature of 250 C for 10 min, in a split-
less mode for 2 min. The compounds were separated in a polar
fused silica capillary column CP-WAX 52 CB (Chrompack, USA;
60 m  0.25 mm  0.25 lm). Hydrogen was used as carrier gas at
constant pressure (15 psi) and ﬂow rate (1.2 ml min1). The initial
column temperature was set to 35 C and held for 3 min. Then, a
temperature gradient was started off at 2 C min1 until 80 C, fol-
lowed by a 5 C min1 increase until 230 C, and maintained at iso-
thermal conditions for 5 min. The temperature in the detector was
kept at 230 C. A series of homologous n-alkanes were analysed
under the same conditions to calculate the Kovats index (KI). The
concentration of volatile compounds was determined by internal
standardisation according to Ban, Oyama-Okubo, Honda, Nakay-
ama, and Moriguchi (2010) and Qin et al. (2012) methods.
Qualitative analysis of volatile compounds was carried out by a
Shimadzu QP2010 Plus gas chromatography coupled to mass spec-
trometry (GC/MS; Shimadzu Corporation, Kyoto, Japan). For these
analyses, the same chromatographic conditions described above
were used and helium was the column carrier gas. The detector
was operated in the electron impact ionisation mode with ionisa-
tion energy of +70 eV and a scan mass range from 35 to 350 m/z.
The analytes were identiﬁed based on comparison with mass spec-
tra available in the National Institute of Standards and Technology
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2.4. Ethylene and respiration analysis
Ethylene synthesis was assessed during the shelf-life at 20 C.
The analyses were carried out with intact fruits at four time points:
at removal from chambers, and after 2, 4 and 6 days at 20 C. Ap-
ples (approximately 1500 g) were placed inside 5 l glass jars, which
were hermetically sealed. Samples (1.0 ml) from the headspace
were then collected and injected in a Varian, Star 3400CX gas chro-
matograph (CA, USA) equipped with a ﬂame ionisation detector
(FID) and a Porapak N80/100 (2 m) column. The temperatures in
the column, injector and detector were adjusted to 90, 140 and
200 C, respectively. Ethylene concentrations were calculated auto-
matically by software, taking into account the peak area of each
sample and that of a standard (3.27 ll l1 ethylene) in the same
conditions. Ethylene synthesis was then calculated by considering
the concentration of ethylene detected, the free volume of jar, the
mass of fruits and time, and was expressed as ll ethylene kg1 h1.
In order to determine fruit respiration, the concentration of CO2
accumulated inside the glass jars used for ethylene synthesis anal-
ysis was assessed by circulating the atmosphere through a gas ana-
lyzer (Agri-datalog, Italy). Respiration was then expressed as ml of
CO2 kg1 h1 by taking into account the measured CO2 concentra-
tions, the free volume of each jar, the mass of fruits and time.
2.5. Statistical analysis
All data were subjected to a multivariate analysis via a Principal
Component Analysis (PCA) using the Pirouette 3.11 software
(Woodinville, USA, 2003). Before multivariate analysis the data
matrix was auto scaled for each variable in order to assume the
same weight during analysis. In addition, data was assessed by
ANOVA, followed by a Tukey’s multiple range test (p < 0.05). This
analysis was performed using the Sisvar statistical software.3. Results and discussion
After 8 months of storage under CA with ultra-low O2 followed
by seven days of shelf-life at 20 C, apple samples were evaluated
for the incidence of decay (four replicates with 25 fruits per treat-
ment), total acidity and total soluble solids. No statistically signif-
icant differences (p < 0.05) among the treatments were observed
for the aforementioned variables (data not shown). Thus, it is as-
sumed that differences in the composition of volatile compounds
are likely to be associated to the storage conditions and not to
other factors, such as the occurrence of decay.
The GC–FID analysis detected more than 80 volatile com-
pounds, from which 46 were identiﬁed by GC/MS. The compounds
present in the fruit samples contained esters (12 compounds),
alcohols (15), aldehydes (7), organic acids (5), ketones (3), furans
(1), hydrocarbonates (1), ethers (1) and terpenes (1) (Table 1).
These compounds were detected in all samples, independently
from the O2 level used during storage, although the storage condi-
tion had an effect on the concentration of many of them.
An exploratory multivariate analysis, namely principal compo-
nents analysis (PCA), was used with the aim of better visualising
the effect of the partial pressures of O2 on the volatile proﬁle,
due to the large amount of data. Fig. 1a and b shows the scores
(samples) and weights (compounds), respectively, from the two
major principal components. Together, the principal component
1 (PC1) and principal component 2 (PC2) explained 56.1% of the
overall variance. This analysis allowed a separation of samples in
distinct groups according to their O2 levels. The O2 conditions usedin the present work were separated along PC1, where 1.0 kPa O2
and 0.5 kPa O2 were located in the two opposing extremities and
the intermediate conditions in the center of the PCA plot
(Fig. 1a). The PC1’s right-hand quadrant, which correlated with
fruits stored under the highest O2 levels, not only exhibited a high-
er abundance of esters, but also of variables related to ethylene
synthesis and respiration. Thus, these results indicated that there
was a high correlation among ethylene synthesis and esters com-
pounds with the highest O2 level (1.0 kPa) samples.
Although PC2 had a smaller weight on the discrimination of
samples, it was important in separating the samples stored under
the intermediate levels of O2, mainly in the 0.7 kPa O2 treatment
and in minor rate in the 0.8 kPa O2 treatment (Fig. 1A and B).
The compounds falling to the top left-hand of the plot are related
to fruits stored under 0.7 kPa O2. Among them were the aldehydes
2,4-hexadienal and (E)2-hexenal, the alcohols (Z)3-hexen-1-ol and
(Z)2-hexen-1-ol and the ester 2-methylbutyl acetate, correlated
with this condition of storage. The latter has previously been con-
sidered as important for the sensory properties of ‘Royal Gala’ ap-
ples (Young et al., 1996). Thus, although the extremely low O2
levels used during storage were associated to the lowest concen-
tration of some esters associated with aroma, these storage condi-
tions were correlated to a higher abundance of other compounds.
Most likely, low partial pressures of O2 do not affect negatively
the synthesis of all esters, since especially some branched-chain
esters were increased or not affected in fruits stored under extre-
mely low O2.
Esters are important for the aroma of apples, because they are
responsible for the characteristic fruity or ﬂoral ﬂavour (Plotto
et al., 1999). It has been shown that in apples from the Gala group,
the esters 2-methylbutyl acetate, hexyl acetate and butyl acetate
have the highest impact on aroma and ﬂavour (Plotto, Mc Daniel,
& Mattheis, 2000; Young et al., 1996). In the present work, 2-meth-
ylbutyl acetate and hexyl acetate were, along with 3-methyl-2-
butenyl acetate the most abundant esters detected. In general
terms, the storage under the lowest O2 levels reduced the concen-
trations of esters, especially the straight-chain ones, such as butyl
acetate, hexyl acetate and 2-hexenyl acetate (Fig. 1B and Table 1).
The concentration of straight-chain esters was increased in apples
stored under 1.0 kPa O2, and decreased as the O2 levels in the CA
chamber were decreased (Fig. 1a and b). Echeverría et al. (2004)
suggested that the reduction in the concentration of esters was re-
lated to the negative effect of CA storage in the development of ar-
oma in apples. Although the O2 levels used in the present work
were even lower than those used in the study of Echeverría et al.
(2004), it was still observed that the concentration of straight-
chain esters was reduced when fruits were stored under the lowest
O2 levels. The precursors for the synthesis of straight-chain esters
are synthesised by b-oxidation of fatty acids and/or via the lipoxy-
genase (LOX) pathway (Brackmann, Streif, & Bangerth, 1993).
Importantly, both routes require the presence of O2 and are, conse-
quently, affected by the O2 levels used during CA storage (Eche-
verría et al., 2004). Furthermore, a decrease in the production of
aroma in CA-stored ‘Jonagold’ apples has also been associated with
the biosynthesis of fatty acids and lower concentrations of ATP. In
this regard, it has been suggested that the limiting step for the syn-
thesis of aroma-related volatile in apples is the de novo synthesis of
fatty acids rather than their release from cell membranes or intra-
cellular storage pools (Song & Bangerth, 2003). Thus, it is likely that
the lowest O2 concentrations used during CA storage may have
inhibited the synthesis of important substrates for the further pro-
duction of esters.
In addition, the reduced ethylene synthesis of apples stored un-
der the lowest O2 levels, as revealed by the four assessments car-
ried out after storage (Table 2), may have limited the production
of some esters. In transgenic ‘Greensleeves’ apples, which have
Table 1
Volatile compounds emitted by ‘Royal Gala’ apples after 8 months of storage under different CA conditions followed by 7 days of shelf-life at 20 C.
Compound Partial pressure of O2 (kPa)
KI 1.0 0.8 0.7 0.5
Esters Concentration⁄ (lg L1) ± SD
Ethyl acetate 897a 13.6 ± 3.11a** 12.6 ± 0.45a 9.39 ± 0.89a 13.5 ± 0.35a
2-Methylpropyl acetate 1021b 2.80 ± 0.63a 2.24 ± 0.85ab 0.93 ± 0.25b 2.02 ± 0.25ab
Butyl acetate 1085b 3.68 ± 1.23a 1.91 ± 0.32b 1.42 ± 0.14b 1.05 ± 0.18b
2-Methylbutyl acetate 1133b 32.4 ± 4.63b 37.2 ± 2.06ab 48.4 ± 5.79a 31.7 ± 3.93b
3-Methylbutyl acetate 1186c 14.8 ± 2.59a 9.63 ± 0.23b 8.47 ± 1.01b 7.73 ± 1.27b
Ethyl hexanoate 1246a 1.50 ± 0.23b 9.31 ± 0.65a 1.27 ± 0.23bc 0.30 ± 0.03c
3-Methyl-2-butenyl acetate 1261b 39.1 ± 1.46a 38.0 ± 3.63a 38.2 ± 1.70a 41.0 ± 2.59a
Hexyl acetate 1282b 33.7 ± 5.56a 32.1 ± 3.60ab 28.8 ± 1.00ab 23.4 ± 3.73b
(Z)3-hexenyl acetate 1327c 9.22 ± 1.00a 9.36 ± 1.96a 12.1 ± 1.17a 10.2 ± 2.66a
5-Hexen-1-ol acetate 1338c 2.14 ± 0.19b 2.19 ± 0.34ab 2.90 ± 0.23a 2.10 ± 0.30b
2-Hexenyl acetate 1346c 11.8 ± 1.21a 8.93 ± 1.25ab 10.4 ± 1.09ab 7.37 ± 1.38b
Benzyl acetate 1746c 5.02 ± 0.22a 4.82 ± 0.06ab 4.14 ± 0.37b 2.27 ± 0.40c
Alcohols
2-Propanol 937b 3.06 ± 0.46a 3.01 ± 0.35a 2.72 ± 0.40a 2.87 ± 0.31a
Ethanol 944b 18.5 ± 1.25a 21.8 ± 2.88a 16.5 ± 2.18a 19.3 ± 1.50a
2-Butanol 1036b 6.21 ± 1.67a 2.55 ± 0.76b 1.80 ± 0.32b 8.05 ± 0.52a
2-Pentanol 1146b 20.4 ± 3.02b 34.1 ± 3.28a 11.2 ± 2.80c 4.38 ± 0.13c
1-Butanol 1168a 4.10 ± 0.47b 5.37 ± 0.75ab 6.16 ± 0.41a 5.72 ± 1.22ab
2-Methylbutanol 1226b 15.8 ± 1.79b 21.3 ± 3.59ab 23.1 ± 2.17a 18.2 ± 1.26ab
2-Methyl-2-buten-1-ol, 1335c 6.90 ± 1.20a 6.34 ± 0.36ab 4.58 ± 0.36bc 3.69 ± 0.44c
1-Hexanol 1365b 136 ± 15.71a 124 ± 15.37ab 121 ± 8.47ab 95.4 ± 2.68b
(Z)3-hexen-1-ol 1390c 5.65 ± 0.41ab 5.24 ± 0.74b 7.24 ± 0.57a 5.96 ± 1.02ab
(Z)2-hexen-1-ol 1411b 16.7 ± 1.79ab 15.0 ± 2.29ab 17.3 ± 2.16a 12.3 ± 1.08b
1-Heptanol 1462b 1.38 ± 0.32a 1.87 ± 0.86a 1.10 ± 0.20a 1.13 ± 0.46a
6-Methyl-hept-5-en-2-ol 1472c 1.32 ± 0.09a 1.19 ± 0.17a 1.06 ± 0.02a 1.13 ± 0.05a
2-Ethylhexanol 1494b 3.25 ± 0.12bc 3.66 ± 0.12a 3.42 ± 0.04ab 3.08 ± 0.14c
1-Octanol 1565b 1.80 ± 0.06a 1.67 ± 0.08ab 1.49 ± 0.10bc 1.44 ± 0.06c
1-Dodecanol 1971b 0.83 ± 0.07a 0.89 ± 0.02a 1.14 ± 0.12a 1.25 ± 0.57a
Aldehyde
Acetaldehyde 640c 18.4 ± 5.23a 15.5 ± 4.32a 19.2 ± 3.60a 10.8 ± 0.93a
Butanal 884b 1.36 ± 0.28a 0.78 ± 0.04b 0.79 ± 0.20b 0.55 ± 0.01b
3-Methylbutanal 923b 0.36 ± 0.07a 0.40 ± 0.05a 0.28 ± 0.01ab 0.21 ± 0.04b
Hexanal 1094b 560 ± 117a 697 ± 103a 739 ± 64.6a 612 ± 41.01a
(E)2-hexenal 1233b 612 ± 44.0b 760 ± 97.9ab 811 ± 51.7a 668 ± 32.1ab
2,4-Hexadienal 1417b 1.14 ± 0.26ab 1.31 ± 0.10ab 1.55 ± 0.15a 1.07 ± 0.07b
Benzaldehyde 1541c 0.55 ± 0.10c 0.64 ± 0.03c 1.06 ± 0.16b 2.12 ± 0.18a
Acid
Hexanoic acid 1848a 0.77 ± 0.13a 0.58 ± 0.07a 1.04 ± 0.44a 0.88 ± 0.33a
2-ethylhexanoic acid 1950b 1.87 ± 1.34a 2.21 ± 1.38a 1.88 ± 0.85a 2.56 ± 1.56a
Heptanoic acid 1954b 0.59 ± 0.10a 0.92 ± 0.34a 0.79 ± 0.20a 0.67 ± 0.15a
Octanoic acid 2062b 2.03 ± 0.27a 2.53 ± 1.05a 2.20 ± 0.55a 1.90 ± 0.53a
Nonanoic acid 2168b 1.63 ± 0.13a 2.56 ± 1.66a 2.08 ± 0.90a 1.67 ± 0.48a
Ketone
2-Propanone 826b 6.09 ± 2.01a 3.77 ± 0.26ab 3.35 ± 0.31b 5.02 ± 0.20ab
3-Octanone 1265b 4.05 ± 0.25a 3.47 ± 0.34a 3.35 ± 0.30ab 2.66 ± 0.29b
Geranyl acetone 1867c 1.31 ± 0.65a 1.89 ± 0.06a 1.38 ± 0.36a 1.00 ± 0.25a
Furan
(R)5-Ethyl-2(5H)furanone 1789c 2.68 ± 0.35a 2.40 ± 0.16ab 2.66 ± 0.26a 1.99 ± 0.14b
Hydrocarbon
Heptadecane, 2,6,10,15-tetramethyl 1799c 1.78 ± 0.49a 1.53 ± 0.36a 1.61 ± 0.21a 1.54 ± 0.19a
Ether
Allyl ethyl ether 919c 0.84 ± 0.09ab 0.92 ± 0.06a 0.65 ± 0.13bc 0.52 ± 0.05c
Terpene
Menthol 1647b 1.29 ± 0.18a 1.23 ± 0.17ab 1.29 ± 0.20a 0.83 ± 0.08b
KI = experimental Kovats Index.
SD = standard deviation.
* Concentrations were calculated relative to an internal standard (3-octanol).
** Mean values followed by the same letter within a row are not signiﬁcantly different from each other according to a Tukey’s multiple range test (p < 0.05).
a Mass spectrum and retention time comparable to standard (positively identiﬁed).
b Mass spectrum and Kovats retention index in agreement with literature data.
c Mass spectrum in agreement with NIST 98 library (tentatively identiﬁed).
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niﬁcantly reduced (Deﬁlippi, Kader, & Dandekar, 2005). In the same
study, the application of the inhibitor of ethylene perception,
1-methylcyclopropene (1-MCP) also resulted in low synthesis of
esters. The same authors have also shown that both the transcrip-tion and the activity of the enzyme alcohol acetyl transferase (AAT)
were highly modulated by ethylene, suggesting that ethylene
interferes with the last step of the biosynthesis of esters.
However, it is noteworthy that in the present study the concen-
trations of some esters, such as the 2-methyl-butyl acetate
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Fig. 1. (a) scores (samples) and (b) loadings (variables) plots showing the two major principal components from the analysis of ‘Royal Gala’ apples stored under controlled
atmosphere with different O2 levels. A1, A2 and A3 – replicates of the each treatment, E – ethylene concentration and R – fruit respiration.
Table 2
Ethylene synthesis in ‘Royal Gala’ apples after 8 months of storage under different CA conditions followed by 6 days of shelf-life at 20 C.
Partial pressure of O2 (kPa) Ethylene synthesis (lL C2H4 kg1 h1) ± SD
Removal from storage 2 Days 4 Days 6 Days
1.0 1.64 ± 0.076a* 0.113 ± 0.013a 0.057 ± 0.019a 0.064 ± 0.016a
0.8 1.18 ± 0.253b 0.083 ± 0.025ab 0.031 ± 0.009ab 0.030 ± 0.005b
0.7 0.568 ± 0.007c 0.063 ± 0.020b 0.024 ± 0.006b 0.024 ± 0.011b
0.5 0.258 ± 0.008c 0.038 ± 0.008b 0.024 ± 0.006b 0.036 ± 0.012ab
SD = standard deviation.
* Mean values followed by the same letter within a column are not signiﬁcantly different from each other according to a Tukey’s multiple range test (p < 0.05).
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0.7 kPa) (Table 1 and Fig. 1B). 2-methylbutyl acetate derives from
the pathway that synthesises branched-chain amino acids (Brack-
mann et al., 1993). According to Echeverría et al. (2004), the syn-
thesis of branched-chain esters, particularly 2-methylbutyl
acetate, is not inhibited by extremely low O2. Rather, the synthesis
of this compound is suppressed when apples are exposed to room
temperature after CA storage. Furthermore, it has been reported
that also high CO2 levels during storage also have a negative effect
on the concentration of branched-chain volatile compounds (Bang-
erth, Song, & Streif, 2012; Brackmann et al., 1993). Importantly, the
major ester detected during the present study, the branched-chain
ester 3-methyl-2-butenyl acetate, was also not negatively affectedby ultra-low O2 levels. It therefore seems that partial pressures of
O2 as low as 0.5 kPa do not affect the synthesis of branched-chain
esters in ‘Royal Gala’ apples. In line with this study, it has been pre-
viously reported that low O2 levels did not affect signiﬁcantly the
synthesis of branched-chain esters in ‘Fuji’ and ‘Mondial Gala’ ap-
ples (Echeverría, Graell, Lara, & López, 2008; Echeverría et al.,
2004). Thus, the maintenance of higher concentrations of these es-
ters under low O2 partial pressures may be associated with an un-
changed concentration of amino acids during CA storage
(Echeverría et al., 2008).
In relation to ethanol, no increase in the levels of this compound
were detected in apples stored under extremely low O2 (0.5 kPa
O2) in relation to 1.0 kPa O2 condition (Table 1). This is in
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(2000), who stored ‘Golden Delicious’ apples under three different
O2 levels and also did not observe any signiﬁcant increase in etha-
nol concentrations under the lowest partial pressures of O2. Be-
cause ‘Royal Gala’ apples showed no increase in ethanol under
ultra-low O2 (Table 1), one can conclude that fruits from this culti-
var withstand extremely low O2 levels, without developing inju-
ries. When fruits are exposed to hypoxia, the concentration of
ethyl esters increases, since the excess of ethanol synthesised is
readily available to react with acyl-CoAs and, hence, form ethyl es-
ters (Ke, Zhou, & Kader, 1994). In CA-stored strawberries, higher
levels of ethyl acetates are produced due to an increase in the bio-
synthesis of ethanol and acetaldehyde, which are, in turn, related
to the development of off-ﬂavours (Forney, Kalt, & Jordan, 2000).
Therefore, since in the present work the synthesis of ethanol and
acetaldehyde was not increased even when apples were stored un-
der the lowest O2 levels, the concentrations of ethyl acetates were
comparable to those detected in fruits stored under the other CA
conditions tested.
The proﬁle of the remaining alcohols did not show a clearly de-
ﬁned pattern in response to the storage conditions, and most of
them were either unaffected or decreased as the O2 levels used
during CA were lowered (Table 1). Similar results were also ob-
served by López et al. (2007) in ‘Pink Lady’ apples, who reported
a reduced production of alcohols in CA-stored fruits as compared
to cold-stored ones. However, in the same study, it was observed
that the length of the storage and shelf-life had also a signiﬁcant
effect on the concentration of alcohols.
The most abundant alcohol detected in ‘Royal Gala’ apples was
1-hexanol. The concentration of this alcohol was the highest in
fruits stored under 1.0 kPa O2 and was decreased as the O2 levels
in the storage chamber were decreased (Table 1). Such a pattern
could help to explain the reduction of the levels of hexyl acetate,
since 1-hexanol is the precursor of this ester (Holland et al.,
2005). In this regard, it has been proposed previously that low O2
levels lead to a decrease in the biosynthesis of fatty acids, the pre-
cursors of both alcohols and straight-chain esters (Saquet, Streif, &
Bangerth, 2003). Noteworthy, it appears that the availability of the
substrate rather than AAT activity is more relevant for the synthe-
sis of volatile compounds after storage (Lara, Grael, López, & Eche-
verría, 2006). This assumption has been based on the observation
that whereas models developed to assess AAT activity were not
able to discriminate the patterns of volatile emissions after the
storage under cold storage or two CA conditions, the activity of
the enzymes that produce the substrates for the biosynthesis of es-
ters (namely LOX and pyruvate decarboxylase) were able to dis-
criminate the samples stored under different storage conditions
(Lara et al., 2006).
Among the volatile compounds detected in the samples of the
present work, the majority of them were aldehydes, particularly
hexanal and (E)2-hexenal (Table 1). Although the concentrations
of these compounds were not signiﬁcantly affected by the storage
conditions, the levels of (E)2-hexenal were lower in fruits stored
under 1.0 kPa O2. These two compounds are related to the ‘‘green
apple’’ ﬂavour (Mehinagic et al., 2006) and have been shown by
sensory assessments to be enriched in ‘Gala’ apples stored under
CA (1.0 kPa O2 + 1.0 kPa CO2), as compared to storage in cold air
(Plotto et al., 1999). In fact, it has been suggested that the percep-
tion of a higher intensity of green-like attribute in CA-stored ‘Gala’
apples could be associated with a decreased fruity attribute in
these fruits (Plotto et al., 1999). However, the quantitative analysis
carried out in this study indicates that hexanal and (E)2-hexenal
accumulate at higher levels in fruits stored under ultra-low O2 (Ta-
ble 1), which is in agreement with results obtained in ‘Fuji’ and
‘Granny Smith’ apples (Holland et al., 2005). Regarding the effect
of different partial pressures of O2 on the levels of other aldehydes,it was found that whereas levels of (E)2-hexenal and benzaldehyde
were increased by the lowest O2 partial pressures, butanal and
3-methylbutanal were increased in fruits stored under the highest
O2 levels (Table 1).
The ﬁve organic acids detected in the samples were not affected
by neither of the storage conditions tested herein (Table 1). Like-
wise, the storage conditions did not signiﬁcantly change the con-
centrations of the ketone geranyl acetone. However, the two
other ketones (2-propanone and 3-octanone), as well as the ether
allyl ethyl ether were reduced as the O2 levels during storage were
lowered.
The synthesis of ethylene was decreased in apples, as lower O2
levels were used during storage (Fig. 1 and Table 2), indicating that
the storage under ultra-low O2 has a signiﬁcant effect on reducing
the synthesis of this plant hormone. This is of particular interest,
since the ripening of climacteric fruits, such as apples, is induced
by the presence of ethylene (Schaffer et al., 2007). However, a de-
crease in ethylene synthesis may have also a negative impact on
the emission of volatile compounds related to the aroma of a fruit,
as a consequence of the dependency on ethylene perception or due
to the sensitivity to low concentrations of this hormone (Bangerth
et al., 2012; Johnston, Gunaseelan, Pidakala, Wang, & Schaffer,
2009). The role of ethylene on the emission of volatile compounds
was previously investigated by supplying exogenous ethylene to
transgenic ‘Royal Gala’ apples, which had their endogenous ethyl-
ene synthesis inhibited by the expression an anti-sense version of
the gene encoding for ACC oxidase (Schaffer et al., 2007). It was
concluded that ethylene has an essential role on the expression
of some of the enzymes involved in the synthesis of aroma-related
volatiles. However, the same study also demonstrated that only
some steps in these pathways appear to be dependent on ethylene.
In fact, from 15 genes encoding for AATs in the ﬁnal step of esters
synthesis, only MpAAT1 was induced by ethylene (Schaffer et al.,
2007). This gene encodes for an isoform of the enzyme that is capa-
ble of synthesizing a series of the esters found in apples by using
alcohols and CoA as substrates (Souleyre, Greenwood, Friel, Karu-
nairetnam, & Newcomb, 2005). The same transgenic apples were
used to assess the role of ethylene on other parameters related
to ripening (Johnston et al., 2009). It was found that the synthesis
of volatile compounds, particularly esters, was highly dependent
on ethylene, even though the effect was only observed when high
ethylene concentrations were supplied. Thus, the accumulation of
esters was increased in ACC oxidase-silenced apples, as the dose of
ethylene supplied was increased (Johnston et al., 2009). Altogether,
one can conclude that the low concentration of some esters de-
tected in apples stored under ultra-low O2 was associated with
the reduced ethylene synthesis exhibited by these fruits (Fig. 1
and Table 2).
Although respiration was signiﬁcantly lower in apples stored
under the lowest O2 partial pressure (0.5 kPa) one day after re-
moval from the storage chamber, no signiﬁcant difference was
detected in the following days (Table 3). From Fig. 1 one can ob-
serve a good correlation between the ﬁrst assessment of respira-
tion, the synthesis of volatiles and the highest O2 partial pressure.
It is noteworthy that this evaluation was undertaken few hours
after fruits had been removed from storage, when the tempera-
ture of the fruit had stabilised at 20 C. Thus, the reduced respira-
tion of apples stored under 0.5 kPa O2 only at this earlier time
point may indicate that respiration was lowered throughout the
whole storage period. Respiration rates can also interfere with
the synthesis of volatiles, since a reduction in respiration after
prolonged CA storage decreases signiﬁcantly the synthesis of
ATP and, consequently, the synthesis of fatty acids (Bangerth
et al., 2012; Saquet et al., 2003). Thus, the under representation
of volatile compounds in the bottom left-hand of the PCA plot
(Fig. 1A and B), which was associated to the lowest O2 level
Table 3
Respiration in ‘Royal Gala’ apples after 8 months of storage under different CA conditions followed by 6 days of shelf-life at 20 C.
Partial pressure of O2 (kPa) CO2 production (mL CO2 kg1 h1) ± SD
Removal from storage 2 days 4 days 6 days
1.0 5.83 ± 0.65a* 4.03 ± 0.95ns 2.93 ± 0.32ns 2.94 ± 0.54ns
0.8 5.33 ± 0.40a 3.96 ± 0.75 2.15 ± 0.44 2.63 ± 0.27
0.7 5.24 ± 0.15a 3.85 ± 0.20 2.93 ± 0.82 2.48 ± 0.48
0.5 3.72 ± 0.29b 3.55 ± 0.55 2.65 ± 0.20 2.90 ± 0.45
SD = standard deviation.
* Mean values followed by the same letter within a column are not signiﬁcantly different from each other according to a Tukey’s multiple range test (p < 0.05).
ns The statistically analysis without statistically signiﬁcant difference.
56 V. Both et al. / Food Chemistry 156 (2014) 50–57(0.5 kPa), is at least partially related to the lower respiration of
fruits stored under this condition.
4. Conclusion
The storage of ‘Royal Gala’ apples under extremely low O2 levels
(0.5 kPa) decreases the production of some of the esters related to
the aroma. Other volatile compounds were, in general, not affected
by the extremely low O2 levels. In fact, the concentration of some
of the esters that contribute greatly to the aroma of ‘Royal Gala’,
such as 2-methyl-butyl acetate, showed an increased in apples
stored under the intermediate O2 levels. These results suggest that
the storage under CA with partial pressures of O2 down to 0.7 kPa
does not have a negative effect on the volatile compounds in this
apple cultivar as compared to the storage under standard CA
(1.0 kPa).
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